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The Higgs sectors of supersymmetric extensions of the Standard Model have two doublets in the 

minimal version (MSSM), and two doublets plus a singlet in two others: with (UMSSM) and without 

(NMSSM) an extra 17(1)'. A very concise comparison of these three models is possible if we assume 

that the singlet has a somewhat larger breaking scale compared to the electroweak scale. In that 

(^ case, the UMSSM and the NMSSM become effectively two-Higgs-doublet models (THDM), like the 

T-H MSSM. As expected, the mass of the lightest CP-even neutral Higgs boson has an upper bound in 

C^ each case. We find that in the NMSSM, this bound exceeds not very much that of the MSSM, unless 

04 tan(/3) is near one. However, the upper bound in the UMSSM may be substantially enhanced. 

>^ 



In supersymmetric extensions of the Standard Model, the Higgs sector is also extended. In the minimal supersym- 
metric Standard Model (MSSM; see for instance the review [I]), there are two Higgs doublets Hi and i?2, which 
are necessary to give masses to both up- and down-type fermions and to keep the theory anomaly-free. For various 
reasons, nonminimal supersymmetric extensions of the Standard Model have also been considered. One reason is 
that in the MSSM superpotential, the term ^HjeHi is allowed. This is called the /i problem, because the value of /i 
is a priori undetermined and yet it has to be adjusted by hand to the electroweak scale, before electroweak symmetry 
breaking occurs. This coincidence is considered by many to be unnatural. Another more pragmatic reason is that 

7*^ the mass of the lightest CP-even neutral Higgs boson is predicted to be rather small, close to the exclusion limits of 

Oh current collider experiments [5]. 
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Here we consider two supersymmetric extensions where the /i term is absent, namely the UMSSM [51ll0| and the 
next-to-minimal supersymmetric Standard Model (NMSSM; see the recent reviews [TTJ [12]). In the UMSSM, an 
extra U{lY gauge symmetry is assumed, under which Hi^2 transform so that the ^ term is forbidden, but is replaced 
by fxi^J^Hi), where x is a Higgs singlet, transforming also under t/(l)'. An effective fi term is generated in this 
f~^ model by the spontaneous breaking of t/(l)' through the vacuum expectation value of x, i.e. fi = /(x). Alternatively 
C^ in the NMSSM, the /z term is replaced by fx{HjeHi) + {k/3)x'^ without any C/(l)', but with a Z3 symmetry to 
^^ forbid linear and quadratic terms in the superpotential. 

in 

O The MSSM, UMSSM, and NMSSM appear to be quite different in their Higgs sectors. However, if the singlet in 

"O the UMSSM and NMSSM, respectively, gets a large vacuum expectation value compared to the electroweak scale, 
'^ all three models become effectively two-Higgs-doublet models at the electroweak scale. We can thus compare the 

^ three models in terms of their differences in this limited sector. We find that an upper bound exists for the lightest 
k> neutral scalar Higgs boson in all these models and only in the UMSSM does this upper bound exceed that of the 

rN MSSM substantially, whereas in the NMSSM, this is possible only if tan(/3) is near one. Note that this property of 

^ the UMSSM was already discussed in [TU]. Here we consider also the NMSSM. 

We make use of the bilinear formalism proposed to describe the general THDM [T51 - ITB] . In this formalism, all 
gauge-invariant expressions are given in terms of four real gauge-invariant bilinears. In order to make this article 
self-contained, we review here briefly the usage of the bilinears. Consider first the most general potential of two Higgs 
doublets <I>i,<I>2 in the conventional notation [T7] 

V = m?i($lcl>i) + ml,{<^l<i>2) - m?2(<i>I$2) - {mj^n^'^i) 

+ ;^Ai($I$i)2 + iA2($^2$2)' + A3($I$l)($^2*2) 

I (1) 

+ A4($I$2)(*J$l) + 2[^5($I*2)' + A;($^$i)2] 

+ [A6($I$2) + A;($^$i)]($I$i) + [A7($I$2) + A;($^2$i)]($^2$2). 

Hermiticity of the Lagrangian requires the parameters to^2, A5^6.7 to be complex and all other parameters to be real. 
Owing to SU{2)l x U{1)y gauge invariance, only terms of the form ($|^$j) with i,j = 1,2 may occur in the Higgs 
potential. The Hermitian, positive semi-definite 2x2 matrix of all possible scalar products of this form may be 



decomposed in the following way [21 [TS] , 

with Pauli matrices ai, i = 1,2,3, and the convention of summing over repeated indices adopted. Specifically, these 
real gauge-invariant bilinears are defined as 

i^0 = $t$l+$t$2, A'l=$I$2 +$!$!, K2 ^ l<i>l^l ~ l<P\<i>2, i^3 = $1*1 - $2*2. (3) 

The matrix _K in (pi) is positive semi-definite with two conditions for the gauge-invariant bilinears: 

Ko > 0, K^K^ = Kl - Kl - Kl - !<! > 0. (4) 

For convenience, we introduce the shorthand vector notation K = {Ki,K2,K3)"^ . For any Kq and K, it is possible 
to find doublet fields $12 obeying ([3]). These doublets then form an gauge orbit. In terms of the gauge-invariant 
bilinears, the general THDM potential may be written in the simple form 

V ^ ^aKa+rjaliKaKi}, a, /3 = 0, ..., 3 , (5) 

where ^ is a real 4-vector and 77 is a real and symmetric 4x4 matrix. Expressed in terms of the conventional 
parameters, these tensors read 

^= 2 ("^11 +™22> -2Re(TO?2), 2Im(m?2), ml^ - ml^) (6) 



and 



/i(Ai+A2) + A3 Re(A6 + A7) -Im(Ae + A7) ^(Ai-Aa) \ 

Re(A6-l-A7) A4 + Re(A5) -Im(A5) Re(A6 - A7) 

-Im(A6-l-A7) -Im(A5) A4 - Re(A5) - Im(A6 - A7) 

V i(Ai-A2) Rc(A6-A7) -Im(A6-A7) i(Ai+A2)-A3y 



(7) 



Let us first recall the MSSM with the Higgs part of the superpotential 

W^iiM=KHleH,) (8) 

with Higgs doublet supermultiplets Hi and 7^2 • From the scalar part of the superpotential we get the F-terms and 
from the gauge interactions we get the Z?-terms, in addition to the soft supersymmetry breaking terms, 

^MSSM^|^|2(^t^^_^^t$^)^ 

^MSSM ^ 3L±ffi(ci,t$, - ci>t$2)2 + ^(($t$,)($tcp^) _ ($tcl,2)($t$,)), (9) 

1^,^!™ = r<(<i>I<f>i) + mlM^2) - (™^(*1$2) + H.c). 

The Higgs-boson doublets Hi and H2 carry hypercharges —1/2 and +1/2, respectively. In (|9| we have changed the 
convention and consider doublets with the same hypercharge, -1-1/2, 

^i^-eH*i, ^2 = H2, withe=f°^jy (10) 

Hence, we have the potential parameters in conventional notation 

2 2 I I |2 2 2 I I |2 2 2 

"^'11 = "nT-m + ImI , "^22 = ™H2 + l/^l ' "^12 = "^3' 

, ffi + 92 X 9I + 92 , , . 9I-9I ^ 9I nn 

Al = — -^ — , A2 = — -^ — +5, A3 = — -^ — , \i^- — , Ulj 

A5 = Ag = A7 = 0. 



Here we have taken into account the genericahy large $2-'i'2 self-energy correction from a top-stop loop which 
contributes only to A2 in supersymmetric models, 

with TO(, m]Y, mi the masses of top-quark, W, and stop-quark, respectively. 
In terms of the bilinears, the Higgs-potential parameters read 



(13) 




v u^^I^-^%) ) 



with diagonal quartic coupling matrix at tree level. 

The stability condition for the MSSM follows from the I?-flat directions, i.e. directions in field space with vanishing 
D-tcrms in (|9|. Stability in these directions is ensured by the quadratic terms, i.e. 



In any THDM Higgs potential, the requirement for the nontrivial symmetry breaking of U{\)y x SU{2)l -^ C^(l)om 
is reflected by the condition ^0 < 1^1 [H], i-e. 



]^{m]j^ + 777^) + \^i\'' < -^|777§|2 + 1(7771^^ - 7771^^2. (I5) 

After electroweak symmetry breaking we get the Higgs mass spectrum. In the unitary gauge the Higgs-doublet 
components are 



with V ~ 174 GeV the vacuum expectation value. After separating the Goldstone mode, we end up with a scalar 



mass-squared matrix in the basis (_ff(, _ff 2,-^3)"^ 



^TTzIc^^ + ^{3 + C40~ 4:C2fi) -\rri\s4ii -I- 25v'^ciis\ 



mjj± - 777fy 



Here we employ the abbreviations C/3 = cos(/3),S/3 = sin(/3) etc. We find the well-known fact that the MSSM Higgs 
potential is CP conserving, i.e. we have one neutral CP-odd Higgs boson A^ with squared mass 777^0 = itT''h± — it^w 
and two neutral CP-even Higgs bosons. The upper limit on the lightest CP-even Higgs boson mass squared is 

mjj, <mlcos^{2f3) + — ■ f 1 - 2cos(2/3) -f cos2(2/?) j . (18) 

In figure^ we show the upper bound on the lightest neutral CP-even Higgs boson depending on tan(/3). The brightly 
shaded region is excluded at tree level, whereas the darkly shaded region is excluded when the stop-mass loop is 
taken into account. The stop mass is set to 1 TeV which results in a rather large enhancement of the upper bound. 
We confirm from this that even with rather large radiative corrections due to a rather large stop mass, we cannot 
exceed the upper mass bound of about 130 GeV in the MSSM. 

Now let us turn to the nonminimal U{iy extended supersymmetric model. The U{iy symmetry is violated by the 
/i term in the MSSM, but is restored by replacing it with 

<mTsm - mleH.n (19) 

which is allowed by C/(l)' if we assign the respectively charges as given in tablellj The C/(l)' gauge coupling is denoted 
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FIG. 1: Upper bound on the lightest CP-even Higgs boson in the MSSM depending on tan(/3). The light shaded region is 
excluded at tree level and the dark shaded region with the stop loop taken into account - assuming a stop mass of 1 TeV. 



supcrmultiplets 



Hi 

H2 

X 



spin-0 



spin-1/2 



Hi — {Hi , H^) Hi — (Hi , H^ ^ 

X 



H2 = {H+, mf H, = {H+, mr 



'2 

X 



SUc{S) SUl(2) Uy(1) [/(I)' 



-1/2 -a 
1/2 a-1 
1 



TABLE I: Multiplicities and charges of the Higgs supermultiplets in the C/(l)' extended supersymmetric model. 



by gx and the charges are given in terms of the parameter a. The f -terms, corresponding to the superpotential ( 19 ) 
as well as the D- and soft supersymmetry-breaking terms read 



^UMSSM ^ |/|2(<j,t$^)($t<j,^) + |/|^($l<i>i + $^2*2)|X|^ 



V, 



UMSSM ^ ffi±5i($t$^ „ $t$^)2 + f (($lcl>i)($|$2) - ($l$2)(*J*l)) 
o z 



9l 



(|xp-a<i>I<J>i-(l-a)<J>^<I>2) 



y™SSM ^ ^2^^$!$^ + ml^'^l'^, + ml\x? (/A,x$l$2 + H.c). 



(20) 



We again have changed the hypercharge convention such that both doublets have the same hypercharge +1/2. Now 
let us assume that at a high scale the U{\)' symmetry is spontaneously broken. With the expansion around the 
vacuum expectation value u, x = u + l|^/2{xR + ixi)i we get four-point '^['^ j~xr^^ k^i functions, {i,j,k,l = 1,2) 
with a xr propagator. For a large singlet vacuum expectation value u compared to the electroweak scale, u » v, 
these four-point functions yield effective $i$J~$[,$i couplings, similar to the effective four-Fermi interaction. The 
effective four-scalar interactions can be immediately calculated from the soft supersymmetry-breaking mass term of 
the singlet with tti?, — 2g^u^. For the quartic couplings in conventional notation, we find in the limit of a large 
vacuum expectation value of the singlet u, 

4 9x 

A. = ^^-^^+2(l-a)|/p + ^, 
^ 9x 



A., = 



? 9 

ai - at 






(21) 
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FIG. 2: Upper bound on the lightest CP-even Higgs-boson mass in the effective UMSSM depending on the squared couphng 
g^ for different values of the charge parameter a. The parameter / is varied in the range < / < 0.8 and Q < j3 < 7r/2 in order 
to find the maximum upper bound. In the upper shaded region the exclusion region is drawn, the border corresponding to a 
charge a = —0.6. 



From this we get via (l7| immediately the quartic coupling matrix 



^I+2|/|2 2i;r+f 





(2a-l)|/|2- 


2 





-i + \f? 













-i+\f? 




V (2a-l)|/|2-| 





i + \ 


/ 


count the radiative correction (12|). 







(22) 



The coupling matrix -q has the symmetry 7701 = ?7o2 = 0, ryi2 = 7713 = r?23 = 0, and ryu = 7722- In [18] we 
have already recognized this symbiotic symmetry, which is preserved by the renormalization group equations in the 
nonsupersymmetric case. The symmetry -qn = 7722, which originates from the U{iy symmetry, allows us to consider 
a basis where ^2=0 without any change of the quartic couplings. 

Stability of the Higgs potential is then guaranteed by the quartic terms if and only if the parameters fulfill 7700 +^733 > 
2|?7o3| and in the case of 77^3 < (r/n - 7733)^, we also require 7yoo + f?ii > vls/ima ^ Vn)- 

The matrix of the squared masses follows in the UMSSM as 



M, 



mz4f3 + AMqI 

UMSSM = I ^l/2™z*4;g 





AMqI^ ^2^^ _ j^2^ _^_ ^2^g2 



l/277l|s4/3 + AM^ 
2 „2 

Z^2l3 



AM22 







ml± 



m 







2 
w 



■vV\' 



(23) 



with 



AM, 



11 



4 ^ 



j/r 



+ 2|/p((4 - 8a)c20 + C4/3 - 5) - ,5 • (3 - 4c2^ + C40)), 



AM^^ = -S2/3(2|/P(l -2a + c^p) - 6 ■ (c2^ - 1)), 



(24) 



AM^^ = -{m'clp + S-{l~c,,)) 



Since the lower right entry does not mix with the other components, we have CP conservation in the Higgs sector 



with a pseudoscalar Higgs mass squared tti^ ~ ^h^ 
CP-even Higgs bosons is 



•-W 



V \f\ . The upper bound on the lightest of the two 



2^22 '^ 



8^ + 2|/|2((4 - 8a)c20 + c^p - b) - 5 ■ {c^p - Ac^p + 3) 



(25) 



As pointed out already in ,10], the MSSM bound can be exceeded. The upper bounds of the hghtcst CP-even 
Higgs-boson mass are shown in figure K^ depending on the squared couphng g^ for different values of the charge 
parameter a. In this plot the upper bound is obtained by varying the parameter / in the range < / < 0.8 and 
< /3 < 7r/2. We see that the upper bound on the lightest CP-even Higgs boson may substantially exceed the bound 
of the MSSM. 

Next we want to study the NMSSM with a hierarchy of breaking scales. In the NMSSM the /it-term of the MSSM 
is replaced by 



^Higgs _ 

' NMSSM 



VF"^r«„ = f{H^eHi)x + -r 



(26) 



In this way the extra U{iy symmetry is explicitly broken and there remains only a .Zs-symmetry. Note that both 
complex parameters / and k are dimensionless. The F-terms read 



taNMSSM 



taNMSSM 
•'soft 



l/HxP (($l$i) + (*^$2)) + \nx' m\<^2) 



(27) 



with unchanged I?-terms compared to the MSSM. Note that we have changed the hypercharge convention via ( 10 1 



Expanding the singlet x around its vacuum expectation value u, we get effective 4-scalar interactions. From the soft 
term for the singlet we get the mass squared of its real component m^^ = 4:\k\'^u'^ in this case. The parameters of the 
effective two-Higgs potential have in conventional notation the form 



Ai = 


4 2|k|2' 


A2 = 


= Ai+<5, 


A3 = 


9l-9\ l/l^ 
4 2|k|2' 


A4 = 


9l ^ l/P 
2 2' 


\r - 


/2k* 



(28) 



2k ' 

A6 = A7 = J^|/P, 

where we drop all contributions which vanish in the limit of a large vacuum-expectation-value of the singlet u. In 
terms of the bilinears, the effective THDM Higgs potential has the parameters 



/ a 

' 2 



i/r 



^Re(/K*) 



m Re(/K*) _f + m!-iRe(/2KVK) 



\k\- 



Im(/K*) 



\\^{pn*lK) 



\ 







-^Im(/K*) 



ilm(/2KVK) 

-f + ^ + |Re(/2KVK) 





2 \ 




2^2^ 



(29) 



For the scalar mass squared matrix we get for the NMSSM in the basis {H[, H2, H'^) (see (16)) 

n2 „.„ I A fl//-12 



-^^NMSSM 



m|c2^ + AMg" -l/2m|s4/3 -I- AM^^' 

-l/2m|s4/3 + AM(}2 m^± - m^ + m^sl^ + AM^'^ 



AMo" 



AA'fo23 



AAfo" 
AAf23 



%± -miy + AM§ 



(30) 
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FIG. 3: Upper bound on the lightest CP-even Higgs-boson mass, depending on the parameter / in the effective THDM 
originating from the NMSSM. In this plot k is varied in the range < k < 0.8 and tan(/3) fixed to different values. In the 
upper shaded region the exclusion region is drawn for arbitrary values of tan(/3) in the allowed range. 



with 



AMo" = 



AMn'^ = 



" = ^ f - 4|/|^ + 8|/p Re(/A.*)s20 + 4 Im^ (/«;*) s^^ + 5|k|2(3 + 04^ ~ 4c2^) j , 



K- 



Re(/«;*)C2^ + l/r - Re(rK7«)s4/^ + '5(2s2/? - 1) 



AMo" = !j: f Im(/2«;7K)s2^ - 2^ Im(/A.*) 



^Mf = 



AM^^ = 



AA'fn^3 = 



^ (^|/P(1 + C4;3) - 2cl0 Re{fK*/K) + 5{l - c,p) 



(31) 



Ini(/^K*/'«)c2/3 



|/|2 + Re(/V^) 



Obviously the three scalar Higgs bosons mix, i.e. we do not have CP conservation in general. In the special case 
of vanishing imaginary parts of fn* and f'^K* /k, for instance with real values of A and k, the mass squared matrix 
becomes block diagonal and we have CP conservation. The pseudoscalar squared mass is then 



,r33 



The lightest CP-even Higgs scalar Hi has in this case an upper bound, 

TOffi < 2w^ ( 27700 + 7711 + ?733 + 47701 sin(2/3) + 47^03 cos(2/3) + (7/33 - 7711) cos(4/3) 



(32) 



(33) 



If we plug in the quartic couplings in the NMSSM from (29 1, we get the explicit upper bounds as shown in Fig. [s] 
depending on / for different values of tan(/3). In this figure for given / we vary k in the range < k < 0.8 such as to 
find the maximum upper bound. The shaded region is excluded for additional variation of /3 in the range < (3 < tt/2, 
which corresponds to a positive value for the Higgs-doublet vacuum expectation value. Note that the NMSSM Higgs 
potential is always bounded from below for nonvanishing parameters / and k. 

We see that a large CP-even Higgs boson mass exceeding the MSSM bound is possible only for large values of the 
parameter / and tan(/3) near one. On the other hand it is well-known from the renormalization group equations that 
there is a Landau pole for large values of / HH] . 

To summarize, we have considered the Higgs sectors of three favored supcrsymmetric extensions of the Standard 
Model, namely the MSSM, the UMSSM, and the NMSSM. We find that in the limit of a hierarchy of breaking scales, 



with the singlet vacuum expectation value scale u somewhat larger than the electroweak breaking scale w « 174 GeV, 
the lightest CP-even Higgs-boson mass is still bounded. In the NMSSM, this upper bound does not exceed much that 
of the MSSM, unless tan(/3) is near one, whereas in the UMSSM it is softened substantially in general for moderate 
values of the gauge coupling g^ and the charge parameter a. 

Let us also mention the very recent approach [20) . where the fi term is kept in addition to singlet terms in the 
superpotential, VFg_5^|g]y[ = {n + /x)(ffJeiJi) + ^X^- In this way the upper bound of the lightest CP-even Higgs 
boson is shown to exceed that of the MSSM. In the discussions of the NMSSM in [511123) . it is shown that allowing 
the superpotential parameter / to be arbitrarily large up to the GUT scale could result in a large enhancement of the 
CP-even Higgs-boson mass - a result which we confirm for the case of a breaking hierarchy; see Fig. |3] 
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